As thorium based fuels have benefits in terms of radio-toxicity there are however challenges in terms of reprocessing the spent thorium based fuel. The database and experience of thorium fuels and thorium fuel cycles are very limited , as compared to UO 2 and (U,Pu)O 2 fuels, and need to be augmented before large investments are made for commercial utilization of thorium fuels and fuel cycles.
Introduction
Assessment of radioactive waste generated in the energetic reactors. The energetic reactor of 1000 MW e electric nominal power generates about 10 tons per year of the spent fuel. Using the data given in Fig. 1 [1] the quantitative isotopic composition of this fuel is as follows: 9430 kg U-238, 80 kg U-235, 350 kg of fission products, 89 kg of different isotopes of plutonium and 46 kg U-236, 5 kg Np-237, 1.2 kg of Am-243 and 0.4 kg Cm-244. As these data correspond to the fuel burn-up of about 40 GWD/tU we can expect that the amount of fission products and actinides increases by a coefficient 1.5. Fig. 1 . Balance of fission products and actinides in one tone of uranium fuel enriched to 3.3 % 235 U after three years of exploitation in the energetic reactor [1] .
The above estimate of isotopic quantities in the spent fuel after prolonged cooling brings the following list of the radio-nuclides with half-life of more than 10 years [2] .
The main contributors to the long-term radiation hazard of spent nuclear fuel (SNF) are radio-nuclides with half-life of more than 10 years [2] -actinides (plutonium, americium, curium) and some fission products ( 129 I, 99 Tc, etc.) The potential radio-toxicity of fission products can be neglected after 250 years. However the potential radio-toxicity of actinides remain yet high after several million years [3] .
An intense thermal flux provides rapid and efficient transmutation of the fission products [4] . Comparison of 99 Tc, 129 I, 90 Sr and 137 Cs cross sections for transmutation in the thermal and fast neutron energy regions show that at thermal energies, fission product transmutation cross sections are uniformly about an order of magnitude higher than at fast neutron energies.
The long leaving iodine 129 I after neutron capturing becomes an iodine 130 I which decays to the stable xenon 130 Xe according to the reaction [5] : The problem is that the actinide waste, which consists of neptunium and higher atomic number elements except plutonium, is thought not to transmute well in a thermal flux of the typical commercial power reactor (3000 MW ) which has thermal neutron flux of approximately 10 14 n/cm 2 s.
It is also known that the high flux thermal neutron environment ( 10 16 n/cm 2 s) is expected as the best way for the transmutation of most of the radioactive waste to stable or short-lived nuclides and for increasing the probability for fission such actinides as 237 Np and 238 Np. As an example Fig. 2 shows an effective neptunium cross section for fission in function of an intense thermal neutron flux [1] Np. Since we are not able to construct such a reactor core with the three zones (with fast, epithermal and thermal neutron spectra) and we are not able to reach such an intense thermal neutron flux ( 10 16 n/cm 3 s) in terms of technical feasibility and in view of the inefficiency of actinides incineration for a low intensity thermal neutron flux, we focus our attention on the thorium-uranium fuel cycle as a prophylactic (prophylaxis) way of energy production where the radio-toxicity of the wastes is about three orders of magnitude smaller than in the case of classical PWR [6] reactors as illustrated in Figure 3 . This figure shows clearly the advantage of the thorium-uranium cycle. Fig. 3 . Radio-toxicity for various cycles [6] .
Moreover this is supported by the fact that in the past decade there has been a renewal of interest in studying the feasibility of thorium-based fuel reactors as a potential advanced fuel for Generation IV nuclear energy systems producing fewer minor actinides than in uranium basedfuel. Th -233 U fuel cycle let us obtain breeding of fissile atoms (material) both in fast, epithermal and thermal neutron spectra. The thermal breeder reactor can be constructed is clearly seen in Fig. 4 [8] . Pu [8] .
Conversion
The authors [8] underline that as long as the available neutron numbers for breeding(N b ) is always slightly larger than 0, breeding is possible. This is the case for the whole neutron energy spectrum for uranium 233 where N b is always equal 0.3.
However the number of neutrons available for breeding (Nb) presented in paper [6] is equal to about 0.1 (see Fig. 5 ). In the Fig. 5 the breeding feasibility for different fuel cycles is considered. As Figure 5 illustrates, while the uranium 238-plutonium 239 fuel cycle requires fast neutrons to be sustainable, the thorium 232-uranium 233 fuel cycle is sustainable with either thermal neutrons or fast neutrons. Fig. 5 . Number of neutrons available for breeding (Nb) in the uranium-plutonium and the thorium-uranium cycles with thermal and fast neutron spectra. Breeding is impossible for negative values of (Nb) [6] . As thorium based fuels have benefits in terms of radio-toxicity there are however challenges in terms of reprocessing the spent thorium based fuel. The database and experience of thorium fuels and thorium fuel cycles are very limited , as compared to UO 2 and (U,Pu)O 2 fuels, and need to be augmented before large investments are made for commercial utilization of thorium fuels and fuel cycles [7] .
That is why, as the first step of studying the thorium application feasibility, once through thorium based fuel cycle analysis for energy production and radioactive waste transmutation was undertaken, which does not require the technically difficult reprocessing of the spent fuel.
The idea is to perform the thorium based fuel application in the open cycle feasibility study in the existing light water reactors with minimum modifications in order to exploit them.
Preliminary analysis of thorium based fuel application in the EPR reactor.
The thorium cycle has advantages as compared to the uranium cycle as follows: thorium cycle decreases production of minor actinides (MA), thorium has a fairly large abundance ratio in natural resources, too.
In many institutes the possibility of using thorium [9] [10] [11] [12] [13] [14] [15] [16] in reactors was investigated. Some calculation results of thorium based fuel application in the EPR reactor are presented in the work [16] .
The main aim of this work is to show dependence of thorium burn-up in different places of reactor core. It is needed to determine optimal conditions of U-333 productions (position in reactor core and burning period of time). To investigate this problem we used European Pressurized Reactor EPR [16] [17] [18] . We have expected that a peripheral part of the reactor core is the best location of thorium dioxide rods to convert the fertile thorium 232 Th into fissile uranium 233 U. That is why we performed computer simulation for the configuration (189 uranium and 52 thorium assemblies) presented in Fig. 8 and Fig. 8a and calculated the neutron multiplication factor k eff in function of irradiation time for constant power of 5000 MW th and compared it with the k eff for solely 189 uranium fuel assemblies. Variation of the k eff in function of time (burn-up) for the two core versions are presented in Fig. 9 . It is clearly seen that impact of the peripheral thorium fuel element assemblies on the neutron multiplication factor is insignificantly small for the zero burn-up. The difference between the k eff of the two curves for higher burn-ups is a measuring instrument of fresh fuel assembly approximate quantity necessary to compensate the difference, what in turn let us to make assessment of the thorium based fuel production cost. We are conscious that the thorium is a poison for the reactor core by strong neutron absorption. From the other side during the reactor operation the loaded over-criticality is compensated by the shim rods which absorb the neutrons. These neutrons however are lost while the neutrons absorbed by the fertile thorium dioxide convert it into thorium based fuel. This of course marks down the cost. 
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Assuming that all the 241 thorium assemblies with 1.03 wt% concentration of uranium 233 U were loaded into EPR reactor core, we performed computer simulation of neutron multiplication factor k eff in function of burn-up for the 5 GW th power and compared it with the same simulation but for the uranium 233 U concentration equal to 1.48 wt% (see Fig. 10 ). We expect that the initial uranium 233 U concentration once is above and once is below the saturation concentration what explains the different shapes of these two curves. In the beginning of the burning process the U-233 concentration sharply decreases in both cases because the U-233 is not being produced due to the fact that the Pa-233 just started to appear. The half-life of Pa-233 totals about 27 days. Therefore the production of U-233 will appear with a delay. In case of a higher initial uranium 233 U concentration level (1.48 wt%), the U-233 concentration tends monotonically to a saturation value. Whereas, in case of a lower initial uranium 233 U concentration level (1.03 wt%), the U-233 concentration at the beginning decreases and then increases again to the saturation value. The saturation value of 233 U concentration will be considered later. In order to clarify the different shapes of neutron multiplication factor k eff presented in Fig.  10 and to investigate the uranium 233 U concentration dependence on fission rate and time of irradiation we assumed that the EPR fuel rod is filled with UO 2 and ThO 2 forming in the reactor core several fuel layers alternately located. Symmetrically from the fuel rod center, five thorium dioxide layers 20 cm thick are located (distributed) in the following ranges 30-50cm, 70-90cm, 110-130cm, 150-170cm, 190-210cm. The remaining ranges are filled with enriched 2.25 wt% uranium dioxide (see fig.11 ). This kind of fuel rod arrangement is technically feasible. "Ab initio" calculations compared with the experimental data show that the lattice constants in the Th 1-x U x O 2 compound decrease linearly with increasing mole ratio x what means that the uranium dioxide lattice constants are smaller than the thorium dioxide lattice constants (see Fig. 12 ) . This leads to the conclusion that the uranium dioxide and thorium dioxide-based fuel pellets can be in different proportions and alternately located in the fuel rod because U-233 increase in the thorium pellet causes a decrease its volume what, in turn do not generate stresses between the rod clad [19] . [19] .
The MCNPX 2.6.0 code [20] was used to make Monte Carlo simulation of thorium dioxide based fuel behavior. The average error of the presented calculation results is about 1 -2%. Comparison of k eff for EPR reactor core loaded with UO 2 (2.25%U-235) solely and with ThO 2 + UO 2 as described in Fig. 11 . Fig. 13 shows comparison of k eff for reactor core loaded with UO 2 (2.25%U-235) solely and with ThO 2 + UO 2 as described above (see fig. 11 ). This comparison shows that using the ThO 2 + UO 2 fuel, the keff decreases about 0.1 from 1.31 to 1.21 at the beginning of exploitation. The applied thorium is a poison for the reactor core by strong neutron absorption. From the other side during the reactor operation the loaded over-criticality is compensated by the shim rods which absorb the neutrons. These neutrons however are lost while the neutrons absorbed by the fertile thorium dioxide convert it into thorium based fuel. So the thorium rods can play role of the shim rods. Multiplication factors k eff for both reactor configurations decrease similarly fast during burning at the beginning and stabilizes on the value about equal 0.8 after 1000 days of reactor operation (5000 MW th ). While the k eff for the core loaded solely with UO 2 (2.25%U-235) still further slightly decreases , the multiplication factor for the configuration with thorium ( Fig.11) does not decrease (self sustaining system).
The concentration of U-233 tends to the saturation value with reactor operation time and sharply increases after cutting off the power (see Figs. 14) . In this reactor the saturation concentration of U-233 amounts to about 0.0129 during its work (Fig. 14) . During the burning time equal 2500 days only three thorium layers (30-50cm, 70-90cm and 110-130cm) achieved saturation concentration. The saturation value of U-233 concentration practically does not depend on the power density (Fig. 14) . While the kinetics of reaching the saturation value strongly depends on the power density (neutron flux). The higher is the neutron flux the more rapid increase of U-233 concentration is observed (occurs). The five fertile thorium fuel layers alternately located with the uranium dioxide in the fuel rod (see Fig. 11 ) are irradiated with different neutron flux. The closer is the fertile thorium fuel layer to the center of the reactor core the higher is the neutron flux. The final concentration of U-233 (Fig. 14) consists of two parts: a ''power on'' concentration and a ''power off ''one. The total mass (and concentration) of the 'power off' U-233 is equal to the total mass (and concentration) of Pa-233 at the moment of cutting off the power supply. In general, we can infer that the 233 U concentration tends to saturation value which does not depend on power density while the kinetics of reaching the saturation value depends on it. Fig. 15 shows that the concentration of Pa-233 strongly depends on the neutron flux density. The higher is the neutron flux density the more rapid increase of Pa-233 concentration is observed (occurs) and the higher maximum protactinium concentration is reached in function of reactor operation. In this case the protactinium concentration does not reach saturation. Please note, that the fixed 5 GW th power of the reactor (in U -Th fuel rods) does not mean the fixed neutron flux density in the U -Th rods. The neutron flux density in the rods is relatively complicated function of time and burn-up of thorium. Initially, the thorium dioxide layers only absorb the neutrons produced in the uranium dioxide layers and after with time of irradiation the thorium layers produce themselves the neutrons due to conversion of fertile thorium into fissile uranium and take on the power load (see Fig. 16 ) what in turn decreases the neutron flux density. The growing smaller amount of thorium nuclei in function of burn-up influences also on the protactinium concentration. This explains why the protactinium concentration does not tend to the saturation value fig.14 and fig. 15 ) shows that concentration of Pa-233 and U-233 on the peripheral part of reactor core is very low relative to the center part of core. Fig. 11 . In general, we can infer that the 233 U concentration tends to saturation value which does not depend on power density while the kinetics of reaching the saturation value depends on it.
The power fraction as a function of reactor operation time on fixed power equal 5 GW th for five thorium dioxide layers placed in the rods is monotonically increasing function (Fig. 16 ). After about 1000 days of reactor operation (5000 MW th ) the ThO 2 power fraction is equal to the power fraction from the UO 2 fuel.
Conclusions and remarks
Conversion of the fertile thorium 232 Th into fissile uranium 233 U in the peripheral part of the EPR reactor core is ineffective since the neutron flux is comparatively (relatively) small. For initial concentration of U-233 equal to saturation value (1.29 wt%) the EPR reactor does not reach criticality, scarcely for 1.5 wt% the reactor becomes slightly overcritical what permits to exploit the reactor during certain time. This concentration value is a sum of the saturation concentration with the "power off" concentration. It means that once through thorium fuel cycle can be reached with difficulty.
The saturation value of U-233 concentration practically does not depend on the power density. While the kinetics of reaching the saturation value strongly depends on the power density (neutron flux).
Whereas the available neutron numbers for breeding in the thorium-uranium fuel cycle is only a little above zero (0.1 -0.3, the value is not given precisely in the open literature) we can infer that in the accelerator driven system (ADS) the effect of breeding can be easier utilized in a more flexible way for higher burn-up of the fuel giving impact on economy improvement.
Applying the thorium-uranium fuel cycle the radio-toxicity of the wastes is about three orders of magnitude smaller than in the case of classical PWR reactors.
